Summary A novel apparatus for detecting a subtle decrease in erythrocyte deformability was developed. The oscillatory shape change of erythrocytes was monitored under an oscillatory shear stress (modulating the oscillation frequency in the range of 9-90 dyn/cm2). The ellipsoidal deformation of intact erythrocytes perfectly followed the oscillatory force of up to about 2 Hz, but the diamide-treated cells showed a phase difference of the oscillatory deformation at 1.7 Hz.
The circulating erythrocytes are repeatedly exposed to the physical stresses which induce cellular deformation. Therefore, it is important to clarify the timedependent process of deformation, with respect to the biochemical properties. Although several quantitative methods have been developed for the measurement of erythrocyte deformability (OKA, 1981) , none can be used to observe the oscillatory shape change in the flowing condition.
Modifying the "cone-plate rheoscope" (SCHMID-SCHONBEIN and WELLS, 1969; SuDA et al., 1982) , we constructed a novel apparatus to apply the oscillatory shear stress to the erythrocyte suspension. The flowing cells exposed to the oscillatory shear stress change their shape alternately, as a function of both the frequency and the amplitude of the oscillatory force. In its sensitivity to a subtle change in deformability, this method is superior to the conventional methods with uniform shear stress.
In this note, we describe the design of the apparatus and show a typical example demonstrating its usefulness.
Apparatus: As shown in Fig. 1 , a transparent 0.8° cone was mounted on an inverted microscope (Olympus Optics, model IMT, Tokyo) and rotated by a stepping motor. The rotation rate of the cone can be modified by modulating the frequency of the driving pulses. The human erythrocytes were immersed in an K. KON et al. isotonic dextran solution (14% w/v, 12 cP at 25°C, final hematocrit of ca. 0.2%) and poured into the gap between the cone and a glass plate on the microscope. The flash photographs were taken at desired moments, by adjusting the trigger timing. The cone was rotated either (1) at a constant speed (varying in the range of 10-100 rpm, i.e., 9-90 dyn/cm2 of the shear stress) or (2) at the modulated speed (in the same Japanese Journal of Physiology The cone on the microscope was rotated by the stepping motor through a rubber belt. The pulse generator gave the modulated pulses to the stepping motor and a trigger to the flash lamp. The gap distance was adjusted as follows: (1) The distance was adjusted to 30µm with a thickness gauge, (2) after the removal of the thickness gauge, the cone was lowered by 30pm with a micrometer. range of shear stress, modulated at the frequency of 0.55-2.38 Hz, see Fig. 2b and c bottom). Temperature was kept at 25 + 1 °C throughout. The individual cells were oriented with their flat surface nearly parallel to the stream of suspension and were deformed to flat ellipsoids. The projected long axis (L) and the short axis (B) of the deformed cells on the photographs (50-60 cells for each shear stress) were measured with a digitizer (Graphtec, Mitablet II, Tokyo) connected to a computer (NEC, model PC-9801m2, Tokyo), then were converted to a parameter (FISCHER et al., 1978b) , called "deformation index (DI)" : DI = (L -B)/ (L+B). The larger DI means the greater deformation of erythrocytes.
Materials: The deformability of individual erythrocytes differs from one to another; thus, the relatively more deformable cells are collected in this study. Freshly drawn erythrocytes were washed with a buffered saline and fractionated by the density gradient centrifugation with Percoll (PERTOFT et al., 1978; MAEDA et al., 1986) ; then the low density fraction of ca. 5% of the total erythrocytes' was collected (presumably containing younger and more deformable cells). In some cases, the fractionated cells were treated with diamide (diazene dicarboxylic acid bis(N,Ndimethylamide)) to reduce their deformability artificially (FIsCHER et al., 1978a; MAEDA et al., 1983) .
Basic feature of cellular deformation cycle under oscillatory shear stress: Under uniform shear stresses, the degree of ellipsoidal deformation increased with the rate of cone-rotation (Fig. 2a, expressed by DI vs. shear stress). The DI increased with the applied shear stress but it began to saturate at a higher shear stress (FISCHER et al., 1978a; KON et al., 1987) .
When the oscillatory shear stress was applied, the erythrocytes showed a deformation cycle (Fig. 2b , expressed by alternant DI vs. phase of oscillatory conerotation). The dependence of DI on the modulation frequency was evident: (1) at low frequency (below 2 Hz), the DI's at any shear stress agreed with those measured at constant shear stresses (as in Fig. 2a) ; (2) whereas above 2 Hz, the observed amplitude of DI variation became smaller and a slight phase difference between the cone-rotation and the cell deformation appeared.
Application to detect a subtle change in deformability: It is known that the diamide treatment of erythrocytes induces the cross-linking of membrane proteins and reduces the cellular deformability (FISCHER et al., 1978a) , e.g., we have quantitatively demonstrated the decrease in DI as increasing the degree of spectrin cross-linking (MAEDA et al., 1983) In Fig. 2a , the influence of diamide (0.2 mM) treatment on the deformation in uniform shear stress is shown: no change in DI was detected for the diamide-treated cells under constant shear flow (Fig. 2a) . However, under oscillatory shear stress at 1.67 Hz (Fig. 2c) , both the reduction of amplitude and the phase difference of DI variation were detected. Therefore, the present method is more sensitive than that with the rheoscope under constant shear stress.
Similarly, in a preliminary experiment, the decreased deformability of slightly Ca-loaded erythrocytes was also detected, which could not be observed by the conventional rheoscope (SHIGA et al., 1985; MURAKAMI et al., 1986) .
Conclusion; The present method with oscillatory shear stress is more sensitive for detecting a subtle change in cellular deformability, compared with other methods.
